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a b s t r a c t
Although cells of Bacillus subtilis continue to grow after being infected by bacteriophage SPO1, they do
not undergo cell division. The product of SPO1 gene 56 is necessary and sufﬁcient for this inhibition of
cell division. GP56 inhibits cell division when expressed in uninfected B. subtilis, without preventing cell
growth, DNA synthesis or chromosome segregation, ultimately causing ﬁlamentation and loss of viability.
During infection, a gene 56 mutation prevents the inhibition of cell division that occurs in wild-type
infection. Under the laboratory conditions used, the gene 56 mutation did not affect burst size, latent
period, or other components of the host-takeover process.
& 2013 Elsevier Inc. All rights reserved.
Introduction
When Bacillus subtilis is infected by bacteriophage SPO1, the
phage directs the remodeling of the host cell, converting it into a
factory for phage reproduction. A cluster of SPO1 genes (numbered
from 37 to 60), occupying most of the terminal redundancy, is
believed to specify many of the proteins that are involved in host-
takeover, and therefore has been called the “host-takeover mod-
ule” (Stewart, 1993; Stewart et al., 1998, 2009a). Most synthesis of
host DNA, RNA, and protein is shut off, presumably to prevent
those syntheses from competing with the corresponding phage
biosyntheses for materials, energy, and access to biosynthetic
machinery. The products of SPO1 genes 38, 39, and 40 play direct
roles in these shutoff processes (Stewart et al., 2009b), while the
products of genes 44, 50, and 51 regulate transcription of the
genes in the “host-takeover module” (Sampath and Stewart,
2004).
Here we describe another feature of the host-takeover process:
the inhibition of host cell division. Most other host macromole-
cular syntheses are shut off within the ﬁrst 12 min of infection
(Shub, 1966; Gage and Geiduschek, 1971; Stewart, 1993; Sampath
and Stewart, 2004). However, it has been clear for some time that
concomitant shutoff of cell wall and membrane synthesis does not
occur. This is shown by the fact that the turbidity of an infected
cell culture continues to increase until the infected cells begin to
lyse. (The rate of increase is somewhat diminished, to about 60% of
the rate for a parallel uninfected culture.). Since infected cells lose
viability (i.e. the capability of forming colonies) immediately after
infection, we hypothesized that the increased turbidity was due to
increase in cell size, and that the cell-division that ordinarily
occurs after such an increase is prevented by the infecting phage.
Here we show that: (1) the increase in turbidity is, in fact, due
to an increase in cell size; (2) despite that continued growth,
the infected cells do not divide; and (3) the product of SPO1 gene
56 is necessary and sufﬁcient for this inhibition of cell division.
When gene 56 is expressed in uninfected cells, cell division is
prevented without preventing cell growth, DNA synthesis, or
nucleoid segregation. During SPO1 infection, a mutation in gene
56 prevents the inhibition of cell division that occurs in wild-type
infection.
Results
GP56 causes cell death without preventing growth
To identify activities expressed by the SPO1 genome that could
prevent cell division while allowing continued cell growth, we
cloned the genes of the host-takeover module, under control of an
IPTG-inducible promoter, and expressed them in uninfected cells.
We found that the operon of genes 58–56 caused cell death
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without preventing continued growth. Sub-cloning revealed that
gene 56 alone was sufﬁcient for this activity. Fig. 1 shows that
expression of gene 56 during exponential growth caused greater
than 80% loss of viability (Fig. 1a), although the turbidity of the
culture continued to increase for several hours after addition of
IPTG (Fig. 1b). [Gene 56 is expressed actively as an immediate-
early gene (Heintz and Shub, 1982; Stewart et al., 1998; Sampath
and Stewart, 2004). It encodes a 79 amino acid protein, whose only
similarity to other known proteins is a 21-amino-acid sequence
that approximates known trans-membrane domains (Stewart
et al., 1998; 2009a).]
GP56 inhibits cell division without preventing DNA synthesis
or chromosome segregation
The results in Fig. 1 could be explained if gp56 speciﬁcally
prevented cell division without preventing continued cell growth,
and this possibility was conﬁrmed by microscopic observation.
Fig. 2 shows that by 3 h after induction of expression of gene 56,
the cells had formed the long ﬁlaments seen in panel D. The arrow
points to a single ﬁlament that measured approximately 160 μm in
length. Other ﬁlaments in this panel range as high as 193 μm for
the portion of the ﬁlament visible in this ﬁeld. In contrast, panel B
shows the effects of the same treatment of cells having the same
vector but without gene 56. The cell lengths range from 5.3 to
13.5 μm, with a mean length of 8.8 μm. In control cells without
any plasmid (panel A), the cell lengths range from 4.2 to 14.3 μm,
with a mean length of 7.1 μm. Panel C shows that, even without
induction, there was apparently enough leakage of gene 56
expression to cause a modest amount of ﬁlamentation. The cell
lengths range from 8.6 to 34 μm, with a mean length of 18.4 μm.
We conclude that gp56 causes ﬁlamentation by inhibiting cell
division.
The data in Fig. 3 demonstrate that DNA synthesis and
chromosome segregation are not prevented by gp56. The cells
shown were incubated for 4 h after induction of gene 56 expres-
sion, and long ﬁlamentous cells were observed by DIC microscopy
(panel A). The same ﬁeld, but using ﬂuorescence, revealed numer-
ous Hoechst-stained nucleoids in a tight well-deﬁned repetitive
pattern throughout the length of the ﬁlaments (panel B). Within
the visible and in focus portion of the ﬁlament indicated by the
white arrow, we could count more than 80 nucleoids within a
196 μm segment of the ﬁlament. (In cells unaffected by gp56, such
as those shown in Fig. 2A and B, most cells had either 2 or
4 distinguishable nucleoids; in the ﬁeld shown in Fig. 2C, some of
the longer ﬁlaments had between 11 and 14 distinguishable
nucleoids.) Thus, gp56 prevents cell division without preventing
continued cell growth, DNA synthesis, or chromosome segregation.
GP56 also inhibits cell division during SPO1 infection
Fig. 4 shows the average length of cells at various times after
infection with SPO1 wild-type or a gene 56 mutant. Infection with
SPO1 wild-type permitted continued cell growth, but inhibited cell
division, as the average cell length increased with time after
infection. The gene 56 mutation prevented this effect, so gp56 is
required for that inhibition of cell division.
GP56 is not essential for productive infection
Although gene 56 presumably provided a selective advantage
at some time in evolutionary history, it is not essential under
today's laboratory conditions. In Fig. 5, single step growth curves
show that, under the particular conditions tested, the 56 muta-
tion had no detectable effect on burst size or latent period.
The 56 mutation also had little effect on other components of
the host-takeover process. For instance, Fig. 6 shows that the
56 mutant shut off host DNA synthesis at least as effectively as
wild-type SPO1. (The slight acceleration of the shutoff seen at the
5-minute point in the mutant curve was not seen in all repeats
of this experiment and may not be signiﬁcant.)
Discussion
We have shown that expression of SPO1 gene 56 in uninfected
cells inhibits cell division without preventing cell growth, DNA
synthesis, or chromosome segregation. Several other phages
encode proteins with somewhat similar activities. The “kil” genes
Fig. 1. Effect of gp56 on viability and turbidity. Cultures of CB10(pPW19) (the empty vector) and CB10(pAP6) (expressing gene 56), growing exponentially at 37 1C in NY plus
Cm medium, were each divided into two cultures, and 1.0 mM IPTG was added to one half of each culture at time 0. At the times indicated, viable cell count was determined
by plating appropriate dilutions on medium without IPTG, and turbidity (optical density) was monitored by measurement with a Klett–Summerson colorimeter. Values
plotted in panel A are colony-forming units/ml in the undiluted cultures times 106. Values plotted in panel B are turbidity as measured in Klett units. The curves labeled “no
gene” represent CB10(pPW19); those labeled “gene 56” represent CB10(pAP6). The generation time (measured as the time required for doubling of turbidity) ranged from 34
to 40 min for the four cultures for the ﬁrst hour after induction.
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of phage lambda (Greer, 1975; Sergueev et al., 2001), phage P22
(Semerjian et al., 1989), phage Rac (Conter et al., 1996), and phage
Mu (Waggoner et al., 1989; Boeckh et al., 1986), the P gene of
phage lambda (Hayes et al., 2013), the An gene of ΦX174
(Collasanti and Denhardt, 1985), and the dicB gene of prophage
Kim (Cam et al., 1988; De Boer et al., 1990; Johnson et al., 2002) all
cause cell death and ﬁlamentation when expressed individually
from a cloning vector or from a defective prophage genome.
Liu et al. (2004) have described procedures by which bactericidal
phage proteins can be used for antibiotic discovery, by acting as
templates for identiﬁcation of small molecule antibiotics that kill
bacteria by the samemechanisms used by the phage proteins. Proteins
such as gp56, which kill bacteria without lysing them, are of particular
interest in this context, because antibiotics that utilize their mechan-
isms could be used for treatment of infections by bacteria that release
harmful toxins when lysed by the action of some conventional
antibiotics (Matsuda et al., 2005; Lu and Koeris, 2011).
We have also shown that gp56 inhibits cell division during the
natural course of lytic infection by SPO1. To the best of our knowl-
edge, this is the ﬁrst report of inhibition of cell division by a phage
gene product during lytic infection, and it raises the question of
what selective advantage might have been conferred by such a
mechanism during evolutionary development. We suggest the
possibility that it might have served to keep the different compo-
nents of the developing bacteriophage together in the same cell. It is
known that uninfected B. subtilis shows compartmentalization of
macromolecular syntheses, with most of the RNA polymerase being
found within the nucleoid, whereas most of the ribosomes are
concentrated along the cell periphery (Lewis et al., 2000). Similar
compartmentalization has been observed in other bacteria as well
(Campos and Jacobs-Wagner, 2013). If synthesis of most SPO1
proteins similarly occurred in a different part of the cell fromwhere
most DNA synthesis was occurring, cell division might separate
much of the protein from the DNA, diminishing the number of
complete bacteriophage formed.
Under the conditions of our experiments, the gene 56 mutation
did not cause any selective disadvantage. Testing a wider range of
conditions, including conditions in which SPO1 is in competition
with other bacteriophages, might identify conditions in which a
selective disadvantage could be observed. This might account for
the evolutionary persistence of gene 56. However, gene 56, and
most of the rest of the “host-takeover module”, represent an
apparently paradoxical evolutionary situation. Although they are
among the most highly expressed genes of the SPO1 genome, and
although at least 7 of them have been shown to have clearly
deﬁned functions during infection, there is no evidence for
conservation of most of these genes beyond the very close
relatives such as 2C and SP82G. With those exceptions, and except
for the apparent trans-membrane domain mentioned earlier, gp56
shows no homology to any other known protein, even within the
group of SPO1-related bacteriophages that has been called the
subfamily Spounavirinae (Klumpp et al., 2010; Stewart et al.,
2009a), and the same is true for all but one of the other genes of
the “host-takeover module”.
Material and methods
Bacterial strains, plasmids, and growth conditions
B. subtilis CB10 and CB313, suppressor minus and plus, respec-
tively, were described previously (Glassberg et al., 1977). Plasmid
pPW19 was described previously (Wei and Stewart, 1993). It is an
E. coli/B. subtilis shuttle vector, with its polylinker under control of
the IPTG-inducible spac-I promoter. Plasmid pAP6 was prepared
by cloning a PCR fragment carrying SPO1 gene 56 into the HindIII
Fig. 2. Filamentation caused by gp56. Cultures of CB10, CB10(pPW19) or CB10(pAP6) were grown exponentially in VY (for CB10) or VY plus Cmmedium (for the cultures with
plasmids) at 37 1C. At time 0, 1.0 mM IPTG was added to some cultures to induce expression of gene 56 where indicated, and incubation was continued for 3 more hours, at
which time aliquots of each culture were prepared for microscopy. Panel A: CB10 with no plasmid and no IPTG. Panel B: CB10(pPW19) (i.e., plasmid without gene 56) with
IPTG added. Panel C: CB10(pAP6) (i.e., plasmid with gene 56) without IPTG. Panel D: CB10(pAP6) with IPTG. The arrow in panel D points to a cell ﬁlament approximately
160 μm in length. The generation time (measured as the time required for doubling of turbidity) was approximately 30 min in each culture for at least the ﬁrst hour after
induction. Scale bars are 10 μm.
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site of pPW19. Procedures for growth of bacteria and bacterioph-
age were as described previously (Glassberg et al., 1977; Wei and
Stewart, 1993; Sampath and Stewart, 2004).
Mutagenesis
Formation of the gene 56 mutant followed the procedure
described by Sampath and Stewart (2004). The cloned gene was
mutagenized using the Stratagene QuikChange kit. The nonsense
codon TAG was substituted for a lysine codon in the third codon
position. The mutant plasmid was allowed to recombine with
superinfecting SPO1, and recombinant progeny were identiﬁed by
plaque-lift hybridization, using the Amersham ECL 3′-oligolabel-
ling and detection kit. Since gene 56 is in the terminal redundancy,
the initial recombinant was a heterozygote, which had to go
through another growth cycle to segregate homozygous mutants.
These were formed naturally as one consequence of the conver-
sion of concatemers to unit length genomes for packaging (Cregg
and Stewart, 1978). The mutant was propagated on a suppressor
strain, CB313, which inserts lysine at nonsense codons.
Pulse-labeling
Rates of host DNA synthesis were measured as described
previously (Wei and Stewart, 1993), by infecting in C4 medium
Fig. 3. Expression of gp56 does not prevent DNA synthesis or nucleoid segregation.
A culture of CB10(pAP6) was grown at 37 1C in VY plus Cm medium. At 4 h after
adding 1.0 mM IPTG, aliquots were prepared for microscopy. Panel A shows, using
DIC microscopy, an example of ﬁlaments formed; panel B shows ﬂuorescence
microscopy of the same ﬁeld, with numerous Hoechst 33342-stained nucleoids
(arrow points to one such ﬁlament, discussed in the text). Scale bar is 10 μm.
Fig. 4. Inhibition of cell division by SPO1 infection requires gp56. Cultures of CB10,
growing at 30 1C in VY medium, with a generation time of about 80 min, were
infected with the indicated phage strains at MOI about 3.5. At 30, 50, and 70 min
after infection, samples were taken from each culture for microscopy and
measurement of cell lengths, performed as described in Material and methods.
White: uninfected control; Black: SPO1 wt; Mottled: Gene 56 mutant. Error bars
show the standard error of the mean. N values ranged from 85 to 89 for each
data point.
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Fig. 5. Single step growth curves. Cultures of CB10, growing in VY at 30 1C, were
infected with SPO1 wild-type (closed circles) or the gene 56 mutant (closed
squares) at a multiplicity of infection between 2 and 3. After 10 min the cultures
were diluted 1:2 into VY containing anti-SPO1 antibody. After being shaken for 10
more minutes, the cultures were diluted 1:2105 into fresh VY. They continued
shaking at 30 1C, and were assayed for plaque-forming units at 25-minute intervals.
The value plotted for each time point is the ratio of the PFU at that time point to the
PFU for the same culture at 25 min.
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Fig. 6. Shutoff of host DNA synthesis by SPO1 does not require gp56. Cultures of
CB10, growing in C4 medium at 37 1C, were infected with SPO1 wild-type (closed
circles) or the gene 56 mutant (closed squares) at a multiplicity of infection about 5.
Rates of host DNA synthesis were measured as a function of time after infection, as
described in Material and methods.
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at 371, and, at various times after infection, pulse-labeling for
3 min with [methyl-3H]thymidine, precipitating with TCA, and
counting the precipitate. Since SPO1 DNA contains hydroxymethy-
luracil in place of thymine, the 3H thymidine is not incorporated
into SPO1 DNA.
Microscopy
A 10 μl aliquot of 0.01% poly-L-lysine was spread onto each
coverslip and allowed to dry. The coverslips were rinsed by
dipping in sterile deionized water, and allowed to dry. Appropriate
volumes of cultures were centrifuged and resuspended in 0.5 ml of
0.3% Triton X-100, 4.5 M paraformaldehyde in saline phosphate
(0.2 M sodium phosphate, 0.15 M NaCl), and incubated for 20 min
at room temperature. Each 0.5 ml sample was spread onto one of
the polylysine-coated coverslips, allowed to stand for 30 min, and
the coverslip then rinsed by dipping in water and allowed to dry at
room temperature. For each sample, a drop of 2.5 μg/ml Hoechst
33342 in 50% glycerol was placed on a microscope slide, the dry
coverslip containing the cells was inverted over it, and the edges
sealed with nail polish. The slides were observed under 63 and
100 oil immersion objective lenses on a Zeiss Axioplan 2 micro-
scope equipped with a digital CoolSnap camera (Photometrics).
Cell images were viewed using differential interference contrast
(DIC) optics. Fluorescence microscopy of intracellular DNA stained
with Hoechst was done using a ﬁlter cube with UV excitation and
collection of blue wavelength emission. Images were recorded, and
cell length was measured using MetaMorph software (Molecular
Devices).
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